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We present a minimal model for simulating dynamics of assorted lipid assemblies in a compu-
tationally efficient manner. Our model is particle-based and consists of coarse-grained beads put
together on a modular platform to give generic molecular lipids with tunable properties. The inter-
action between coarse-grained beads is governed by soft, short-ranged potentials that account for
the renormalized hydrophobic effect in implicit solvent. The model faithfully forms micelles, tubu-
lar micelles, or bilayers (periodically infinite, bicelles, or vesicles) depending on the packing ratio of
the lipid molecules. Importantly, for the self-assembled bilayer membranes it is straightforward to
realize gel and fluid phases, the latter of which is most often of primary interest. We show that the
emerging physics over a wide range of scales and resolutions is (with some restrictions) universal.
The model, when compared to other popular lipid models, demonstrates improvements in the form
of increased numerical stability and boosted dynamics. Possible strategies for customizing the mod-
els (e.g., adding chemical specificity) are briefly discussed. An implementation is available for the
LAMMPS molecular dynamics simulator [Plimpton. J. Comp. Phys. 117, 1-19. (1995)] including
illustrative input examples from the simulations we present.
PACS numbers: 61.20.Ja, 81.16.Dn, 82.70.Uv, 87.14.Cc, 87.15.A-, 87.16.D-
I. INTRODUCTION
Above a certain critical concentration, amphiphilic
lipid molecules in water assemble into large-scale struc-
tures and arrangements, including membranes, that al-
low the hydrophobic ”tails” to be shielded from the water
by creating an interface where the hydrophilic ”heads”
are displayed toward the water phase. Plasma mem-
branes in particular are essential in biology where they
facilitate compartmentalization of distinct chemical en-
vironments between the fundamental unit of life and its
surroundings as well as within the cell itself.
Because of the ubiquity of lipids membranes in biology,
it has long been desirable to use theoretical and compu-
tational methods to explore their behavior and calculate
properties efficiently. While there are many approaches
toward this aim (see, e.g., ref. [1] and the references
within), major conceptual progress was made more than
a decade ago when it was discovered that solvent-free
lipid models with simple pairwise potentials could give
rise self-assembled fluid bilayer membranes with tunable
properties [2–4]. Arguably, the 1/r12 hard-core repul-
sive term used in the potential energy functions of early
models is adopted mainly for historical reasons and not
appropriate at the coarse-grained resolution(s) typically
employed in these models. Careful considerations affirm
that soft and squishy interaction potentials are correct at
these resolutions [5–8]. One straightforward way to over-
come this is to use a smaller power on the repulsive part of
the potential, as done in e.g. the Shinoda-DeVane-Klein
(SDK) model [9]. However, at highly coarse-grained
representations, the Lennard-Jones functional form still
has undesirable properties that makes its use unfeasible.
There are several ways in which such shortcomings can
be remedied. For instance, one can formulate approxima-
tions for the thermodynamic equations of state and use
density expansions of the excess free-energy functional di-
rectly [10]. Another recent solution was implemented in
the model by Revalee et al. [11], which uses a functional
form with finite pairwise repulsion at small distances, r:
The repulsive force increases linearly as r → 0+ (below
a characteristic size where the repulsive and attractive
regime is stiched together) in a similar fashion to the
soft conservative pariwise repulsive force used in Dissi-
pative Particle Dynamics [12–14]. This effectively tries
to capture ”pressure” between different particles (in a
qualitative sense, at least). The model we here propose
is conceptually similar in that we use short-ranged, soft-
core potentials. On this basis, we construct a family of
generic lipid models with tunable properties for study-
ing membrane-associated biological processes with their
remarkable complexity from a minimalistic and physics-
based standpoint.
The article of organized as follows: We begin by de-
scribing the topology of the lipid models we here inves-
tigate and the potentials that govern their interactions.
Self-assembly properties are elucidated for all models and
we show examples of large-scale morphological transi-
tions. For the 4-bead model, we elucidate the properties
of the formed fluid bilayer membranes in some detail. Fi-
nally, for the most efficient of all presented models, the
quasi-monolayer model, we show how properties of the
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2fluid bilayer membranes depend on the intrinsic length
scale and demonstrate their flexibility by performing in
silico pulling experiments on a vesicle.
II. MODEL AND METHODS
In the present work, we describe lipid molecules as
semiflexible linear chains of 2-5 beads per lipid. We fur-
thermore describe a quasi-monolayer model with ”1.5”
beads/lipid (i.e., 3 beads per bilayer segment) (Fig. 1).
The hydrophobic effect acting on the amphiphilic lipid is
heuristically renormalized into interfacial and/or tail co-
hesion, depending on the lipid resolution. The rigidity of
the lipid molecule is maintained by appropriate 2-body
(bond) and 3-body (angle) intramolecular potentials.
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FIG. 1: The lipid models described here. From left to right:
5-bead model, 4-bead model, 3-bead model, 2-bead model,
and the quasi-monolayer (”1.5 bead”) model
The total potential energy function is defined as
U({ri}) =
∑
i>j
Upair(rij)
+
∑
i
Ubond(ri,i+1)
+
∑
i
Uangle(θi,i+1,i+2), (1)
where rij = |ri − rj | and summation indices run over all
unique bonds (i, i + 1), angles (i, i + 1, i + 2), and non-
bonded pairs (i > j) of the system, respectively. Bond
and angle potentials are both described using simple har-
monic functions,
Ubond(r) = Kb(r − r0)2 (2)
Uangle(θ) = Kθ(θ − θ0)2, (3)
while the non-bonded interactions are governed by the
following soft pair potential (Fig. 2)
Upair(r) =
− (Aa ) sin(r · a), if r ≤ r0
− (Bb ) sin (pi2 + (r − rc) · b) , if r0 < r ≤ rc
0, otherwise,
(4)
with the constants a = pi2r0 and b =
pi
rc−r0 . Therefore,
the forces, Fpair(r) = −∇Upair(r), are conveniently ex-
pressed as
Fpair(r) =

A cos (r · a) , if r ≤ r0
B cos
(
pi
2 + (r − rc) · b
)
, if r0 < r ≤ rc
0, otherwise.
(5)
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FIG. 2: Pairwise interaction potential (left) and force (right)
plotted for the values A = 10, B = 2, r0 = 6, and rc = 12.
The pair potential is piecewise smooth and at least C 1-
continuous on the open interval (0, rc) for all non-trivial
parameter choices ({A,B, r0, rc ∈ R4>0 | rc>r0>0}),
which, in our experience, is sufficient to give rise to well-
behaved dynamics in all tested situations where intu-
itively reasonable parameters are used [15].
Molecular dynamics (MD) is simulated using the
Langevin formulation,
Mr¨ = −∇U(r)− Γr˙ +R(t), (6)
〈R(t)〉 = 0, (7)
〈R(t).R(t′)〉 = 6kBTΓδi,jδ(t− t′), (8)
where −∇U(r) is the force field, r˙ is the velocity, r¨ is
the acceleration, T is the temperature, Γ is the friction
coefficient, kB is the Boltzmann constant, and R(t) is
the random force. The thermostat coupling is chosen to
be very weak (T = 300K; Tdamp = 100, 000fs) to re-
duce the influence of the thermostat on the natural dy-
namics of the system. For constant-pressure simulations,
we use the Nose´-Hoover barostat with Martyna-Tobias-
Klein correction [16] to realize the tensionless ensemble
(Pext = 0; Pdamp = 100, 000fs); coupling between the
x− and y−dimensions were used for simulations of peri-
odically infinite bilayers. We remark that hydrodynamic
interactions, including simple volume effects, are not cor-
rectly captured unless special steps are undertaken to
incorporate the role of the solvent [17, 18], which we
shall not pursue here. Unless explicitly stated other-
wise, we use the following parameters: τ = 50fs timestep
for integration, Kb = 25kBT A˚
−2, A = 25kBT A˚−1,
head/interface/tail bead sizes r0 = {0.75R,R,R}, pair
cutoff rc = 2R, and R = 7.5A˚. A standard excluded-
volume repulsion is employed between all pairs (Upair
3with B = 0). The interfacial/tail cohesion can be dis-
tributed equally over all sticky (non-head group) beads
via the B parameter according to Table I. For simplicity,
the cohesion only acts within each bead type (interface
or tail) with all cross-interactions being zero, Bcross = 0.
All simulations are performed using the LAMMPS MD
simulator [19] and example input parater files for fluid
bilayers of all presented models can be found in the sup-
plemental material online [20].
Lipid model
Cohesion,
B param.
5-bead 4-bead 3-bead 2-bead Quasi-
monolayer
Intf-intf 1R
7.0
4
1
R
7.0
3
1
R
7.0
2
1
R
5.0
1
1
R
7.5
1
Tail-tail 1R
7.0
4
1
R
7.0
3
1
R
7.0
2 N/A N/A
otherwise 0 0 0 0 0
TABLE I: Example parameters for fluid bilayers. Reported
values are in units of kBT A˚
−1. “Intf” = interface. “N/A” =
Not Applicable.
Fluid membranes in the tensionless ensemble (γ = 0)
will exhibit height fluctuations (i.e., undulations) accord-
ing to the equation
Su(|~q|) ≡ N〈|u(~p)|2〉 (9)
=
kBT
〈a〉(γ|~p|2 + kC |~p|4 +O(|~p|6)) (10)
≈ kBT〈a〉kC |~q|4 , (11)
which can be derived from the Canham-Helfrich Hamilto-
nian [21, 22] using Fourier analysis and the equipartition
theorem in the Monge gauge. Hence, eq. 11 provides a
convenient method for estimating the bending modulus
from equilibrium simulations of tensionless bilayers via
the undulation spectrum [23].
III. RESULTS AND DISCUSSION
Self-assembly of lipid nano-structures and their
morphology
The packing ratio, or how conical the molecular lipid
is, is the major determinant of the emerging morphology
of self-assembled lipid nano-structures [24]. We find that
a generic series of morphologies form upon tuning the rel-
ative size of the (purely repulsive) head bead essentially
independent of how the internal degrees of freefrom of
the lipid molecules are resolved (Fig. 3).
If a vesicle is constructed with a diameter that is too
small, a morphological transition into a planar bilayer
can be observed to spontaneously occur (Fig. 4). This
happens because it is energetically favorable to flatten
the membrane and this is sufficient to overcome the line
tension associated with a free-standing membrane edge
[25].
FIG. 4: Simulation snapshots of the ”mouth-opening” mor-
phological transition that transforms the initialized vesicle of
5-bead lipids into a planar disc bicelle. A movie correspond-
ing to the snapshots is available in the supplemental material
online [20].
Properties of the 4-bead model
As an example, we shall characterize the properties of
the 4-bead model and remark that similar trends are,
again, seen for all discussed models. The projected area
per lipid (APL) of the bilayer membrane of 4-bead lipids
can be seen in Fig. 5.
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FIG. 3: Self-assembled nano-structures reveal a remarkably conserved space of accessible morphologies from bilayers to
worms and micelles. 450 lipids were simulated for 0.5× 106 MD steps. A cutting plane is used in some of the snapshots to
expose the internal structure of the assemblies. Movies corresponding to the snapshots are available in the supplemental
material online [20].
FIG. 5: Projected area per lipid (APL) plotted for the 4-
bead model as function of the angle potential parameter, Kθ,
for bead sizes R = {7.0, 7.5, 8.0, 8.5}. 20,000 lipid molecules
were simulated for 50 × 106 MD steps. Standard errors (of
the means) are smaller than the plotted symbols.
The corredponding bending modulus, kC , for the mem-
branes in these simulations is plotted in Fig. 6. The
bending modulus increases monotonically with the angle
potential parameter of the lipid model, which is expected
since stiffer lipid molecules should give rise to a stiffer
membrane. There is little to no dependence of the bend-
ing modulus on the intrinsic size scale, R, over the tested
range.
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5FIG. 6: Bending modulus, kC , plotted for the 4-bead lipid
model as function of the angle potential parameter, Kθ, for
bead sizes R = {7.0, 7.5, 8.0, 8.5}. 20,000 lipid molecules were
simulated for 50×106 MD steps. Statistical errors in the least
squares fits are smaller than the plotted symbols.
Recall, however, that invoking periodic boundary con-
ditions, as we here do, in-itself affects the bending mod-
ulus of the membrane by effectively pinning it at the
box boundary and truncating undulation modes whose
wavelength exceeds the simulation box length, L. This
gives rise to a system-size dependent bending modulus
(Fig. 7). The membrane is seen to get stiffer as the
angle potential parameter, Kθ, increases and the lipids
get more rigid. Furthermore, for a chosen value of Kθ,
the membrane is supposed to get softer as the system
size increases. The reason that these trends appear to
be violated in Fig. 7 is most likely that bending mod-
ulus estimates from height fluctuation spectra are less
reliable for small system sizes where methods based on
deformation response might do a better job [26–28].
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FIG. 7: Bending modulus, kC , plotted for the 4-bead lipid
model as function of the angle potential parameter, Kθ, for
three different system sizes (800 lipids, 3200 lipids, and 20,000
lipids). Plottet errorbars indicate the statistical error in the
least squares fit. Simulation time was 50× 106 MD steps.
The quasi-monolayer model
Up until this point we have been concerned with de-
scribing properties of assemblies, and especially bilay-
ers, consisting of linear chain molecular lipids with 2-
5 bead per molecule (four left-most of Fig. 1). Now
let us have a look at a bilayer membrane representation
that is not resolved at the level of individual lipids, but
where a patch of membrane consists of a 3-bead segment.
This quasi-monolayer is the most simple particle-based
membrane representation we propose. Perhaps surpris-
ingly, the quasi-monolayer model again exhibits fully-
competent assembly behavior consistent with all other
models (Fig. 8) and tunable bilayer bending modulus all
the way down to the order of the thermal energy, kBT .
bilayers worms micelles
HH: 0.75R HH: 0.90R HH: R
HH: 1.1R
FIG. 8: Self-assembled nano-structures of the quasi-
monolayer model are conserved to those of bilayer models
(see Fig. 3). 225 lipids were simulated for 0.5 × 106 MD
steps. Movies corresponding to the snapshots are available in
the supplemental material online [20].
In addition, we have performed in silico pulling exper-
iments to probe the flexibility of our model membranes
and their ability to form long, thin ”necks.” Thin mem-
brane ”necks” are important in many aspects of biology
e.g. endocytotic trafficking and viral budding. These ex-
periments are akin to experimental assays where vesicles
or cells are challenged by pulling using optical tweezers,
nano-beads, or the micropipette aspiration technique.
Our pulling method consists of a vesicle of diameter D
that is being pulled apart by two small, all-repulsive guid-
ing potentials of diameter d. The guiding potentials are
initialized within the vesicle and drawn out radially with
a given pull rate, |~v| (Fig. 9a), which we set to 5ms−1 or
10ms−1 . We use our quasi-monolayer model with angle
potential parameter of Kθ = {2, 20}kBT.rad−2 for this
demonstration (Fig. 9b). The simulations reveal that
the membranes are extremely flexible and can form very
thin ”necks” of diameters less than ∼ 10nm before mem-
brane rupture, even at relatively fast pulling rates (Fig.
9c).
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FIG. 9: Pulling experiment setup. (a) Geometry descrip-
tion and indication of moving guiding potentials. (b) Drawing
of the quasi-monolayer lipid model membrane is used in the
pulling simulations. (c) Snapshots for the case where D =
40nm, d = 10nm, |~v| = 10m s−1, and Kθ = 20kBT.rad−2.
Top and bottom image in each snapshot is a rendering of
the cross-section and surface views, respectively. The arrows
indicate the location of membrane fission and fusion events.
Scale bar indicates 10nm. Movies corresponding to pulling
speeds of the |~v| = {5, 10}m s−1 with membranes of lipids
with Kθ = {2, 20}kBT.rad−2 are available in the supplemen-
tal material online [20].
Summary on models and how to choose the right
one
Bilayer membranes formed from the 5- and 4-bead
models can have their bending properties effectively be
tuned by the angle potential parameters of the lipids
without changing the non-bonded interactions. In the
fluid regime, we can achieve bending moduli ranging from
less than 10kBT to in excess of 100kBT . The membranes
formed by 5- and 4-bead lipids are intuitively appealing,
perhaps especially for inclusions such as transmembrane
proteins because they can exhibit a (qualitatively/semi-
quantitavely) correct lateral pressure profile [3]. It is fur-
thermore easy to construct membranes of mixed lipids
by preserving the pair interactions for identical chemical
groups.
The 3-bead model is more efficient than both the 5-
and the 4-bead models, but the bending modulus is best
tuned through modifying the relative bead sizes and the
modifying the non-bonded interaction parameters, which
seems less chemically intuitive (at least to us). The same
obviously goes for the 2-bead model, which has no angle
potential at all. However, extending the basin of attrac-
tion of the non-bonded interaction potential is indeed a
practical way of increasing the range of stability of fluid
bilayer membranes and modulating the bending rigidity
as demonstrated by Cooke & Deserno [29].
The quasi-monolayer model is designed to eliminate
the need for lipid flipflop relaxation to balance inter-
monolayer pressures. In our experience, it works well
with phenomenological models of proteins (e.g., elastic
network models [30–33]) that adsorb to the membrane
surface (e.g., scaffolding proteins [34, 35]) and, in cer-
tain circumstances, even models of transmembrane pro-
teins could be successfully introduced [36]. The quasi-
monolayer model is preferred when it is desirable to have
a self-assembling membrane capable of significant remod-
eling, but the molecular details of the membrane interior
are not important.
All models can in principle be customized by applying
empirical or systematic corrections to the generic interac-
tion potentials utilized. Popular methods for administer-
ing the latter include iterative Boltzmann inversion [37],
inverse Monte Carlo/Newton inversion [38, 39], molecu-
lar renormalization group coarse-graining [40, 41], force
matching [42–44], and relative entropy minization [45].
However, all of them can benefit from initial-guess po-
tentials that gives rise to self-assembly-competent mod-
els; a virtue offered at different resolutions by the mod-
els we describe here. Example properties that could
be parametrized include lipid phase behavior, composi-
tional heterogeneity in multicomponent membranes, and
protein-lipid interactions with correct local structural
correlations. Future work will explore this possibility in
more detail.
IV. CONCLUSION
To conclude, lipid models of intermediary resolution
in-between the fully atomistic and continuum regimes
(sometimes called mesoscopic or coarse-grained) provide
a convenient description that can be used to answer bio-
physical questions about biological membranes and their
processes. We propose a framework of phenomenologi-
cal lipid models in implicit solvent in the same vein as
some earlier models but with tangible improvements, in
particular computational efficiency and model tunabil-
ity over vast scales and even resolutions. The efficiency
of our model comes from the adaptation of soft, short-
ranged potentials and results in the increased numerical
stability and boosted dynamics. We demonstrate assem-
bly competency, topological changes, membrane bend-
ing properties, and membrane phase behavior as a result
of tuning the lipid flexibility for bilayer models with 2-
5 beads per molecule as well as a highly coarse-grained
7quasi-monolayer model. Models of this kind are comple-
mentary to tried-and-true computational fluid dynamics
(CFD) and atomistic molecular dynamics (MD) simula-
tions, and as such can offer new insights into experimen-
tal observations and theoretical deliberations.
APPENDIX
A. Rationale
The basic functional form for the pair potential use
have chosen has three intuitive ingredients,
1. Bead size, R.
2. Lipid cohesion (Fig. 10). Proportional of the free-
energy change, ∼ ∆F , of lipid transfer from the
monomer fraction, which represents the solution,
into the lipid assembly or aggregate.
3. Lipid rigidity (via the angle and bond potentials).
The basic modular platform consists of
• ”Head” beads: These represent the vicinity
around/above e.g. the phospholipid head groups
including tightly bound waters. It is softer than
other beads, which incorporates the effects of local
solvation (in an effective or ad hoc sense. For a
systematic approach to solvation see e.g. ref. [46]).
The pair interactions are purely repulsive (toward
other head beads; no interactions with other beads)
and the effective H-H R size controls the packing
ratio of the lipid (i.e., how ”conical” it is).
• ”Interface” beads: These are placed immediately
below the head beads and represent the interface
between solvent and the hydrophobic membrane
interior. Interactions are chosen to have a finite,
soft repulsion at small distances and short-ranged
attractive basin averaged out on all interface+tail
beads [47].
• ”Tail” beads: These represent the hydrocarbon
moieties of the membrane interior. Interactions are
the same as interface type beads (see above).
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CG lipids models [?, ?, ?, ?] typically use “sti↵” interactions, may strug-
gle to produce bilayer membranes of low bending modulus (kC < 20kBT ),
and can require interactions over relatively long ranges. Furthermore, the
future expansion of molecular simulations to encompass micron-scale mem-
brane systems will require CG lipids with as few “beads” as possible, while
maintaining physiologically-relevant behaviors such as undulation, lateral dif-
fusion, budding, and remodelling. This document will therefore outline a new
model: tripids (trigonometric lipids), a framework with which e cient CG
lipid models can be generated at various di↵erent resolutions according to
the specific current requirement.
2 Model description
2.1 Basic structure
For convenience of integration with existing tools and workflows, the CG
lipid structure is based on the 5-site model of Brannigan et al [?]. Concep-
tually, the lipid features three types of CG bead: solvent, interface, and tail.
Head beads represent the layer of solvent immediately above and around the
hydrophilic interface beads. The hydrocarbon region of a lipid, which forms
the hydrophobic interior of micelles and bilayer membranes, is represented
by one or more tail beads.
2.2 Force field
The CG lipid model has nonbonded forces, F (r), of the piecewise trigono-
metric form
F (r) =
8>><>>:
A cos
⇣
r · ⇡
2r0
⌘
, if r  r0
B cos
⇣
⇡
2
+ ⇡ · r r0
rc r0
⌘
, if r0 < r < rc
0 otherwise
(1)
The basic interaction is therefore characterized by four parameters: A, r0, B,
and rc. A represents the maximum repulsion at r = 0, with repulsive force
decreasing until r = r0, followed by an attractive force well of depth  B
from r0 to the interaction cuto↵ rc (Fig. 1). CG beads can thus be viewed
as soft-cored particles of diameter r0. The energy, U(r), is therefore
4
No truncation/shifting
needed
Fi
ni
te
, 
“s
of
t 
co
re
” 
re
pu
ls
io
n
CG lipids models [?, ?, ?, ?] typically use “sti↵” interactions, may strug-
gle to produce bilayer membranes of low bending modulus (kC < 20kBT ),
and can require interactions over relatively l ng ranges. Furthermore, the
future expansion of molecular simulations to encompass micron-scale mem-
brane systems will require CG lipids with as few “beads” as possible, while
maintaining physiologically-relevant behaviors such as undulation, lateral dif-
fusion, budding, and remodelling. This document will therefore outline a new
model: tripids (trigonometric lipids), a framework with which e cient CG
lipid models can be generated at various di↵erent resolutions according to
the specific current requirement.
2 Model d scription
2.1 Basic structur
For convenience of integration wit existing tools and workflows, t e CG
lipid structure is based on the 5-site model of Brannigan et al [?]. Concep-
tually, the lipid features three types of CG bead: solvent, interface, and tail.
Head beads represent the layer of solvent immediately above and around the
hydrophilic interface beads. The hydrocarbon regio of a lipid, which forms
the hydrophobic interior of micelles and bilayer membranes, is represented
by one or more tail beads.
2.2 Force field
The CG lipid model has nonbonded forces, F (r), of the piecewise trigono-
metric form
F (r) =
8>><>>:
A cos
⇣
r · ⇡
2r0
⌘
, if r  r0
B cos
⇣
⇡
2
+ ⇡ · r r0
rc r0
⌘
, if r0 < r < rc
0 otherwise
(1)
The basic interaction is therefore characterized by four parameters: A, r0, B,
and rc. A represents the maximum repulsion at r = 0, with repulsive force
decreasing until r = r0, followed by an attractive force well of depth  B
from r0 to the interaction cuto↵ rc (Fig. 1). CG beads can thus be viewed
as soft-cored particles of diameter r0. The energy, U(r), is therefore
4
CG lipids models [?, ?, ?, ?] typically use “sti↵” interactions, may strug-
gle to produce bilayer membranes of low bending modulus (kC < 20kBT ),
and can require interactions over relatively long ranges. Furthermore, the
future expansion of molecular simulations to encompass micron-scale mem-
brane systems will require CG lipids with as few “beads” as possible, while
maintaining phys ologica ly-relevant behaviors such as undulation, lateral dif-
fusion, budding, and remodelling. This document will therefore outline a new
model: tripids (trigonometric lipids), a framework with which e cient CG
lipid mode s can be generated at v rious di↵erent resolutions according to
the sp cific current requirement.
2 Model description
2.1 Basic structure
For convenience of integration with existing tools and workflows, the CG
lipid structure is based on the 5-site model of Brannigan et al [?]. Concep-
tually, the lipid features three types of CG bead: solvent, interface, and tail.
Head beads represent the layer of solvent immediately above and around the
hydrophilic interface beads. The hydrocarbon region of a lipid, which forms
the hydrophobic interior of micelles and bilayer membranes, is represented
by one or more tail beads.
2.2 Force field
The CG lipid model has nonbonded forces, F (r), of the piecewise trigono-
metric form
F (r) =
8>><>>:
A cos
⇣
r · ⇡
2r0
⌘
, if r  r0
B cos
⇣
⇡
2
+ ⇡ · r r0
rc r0
⌘
, if r0 < r < rc
0 otherwise
(1)
The basic interaction is therefore characterized by four parameters: A, r0, B,
and rc. A represents the maximum repulsion at r = 0, with repulsive force
decreasing until r = r0, followed by an attractive force well of depth  B
from r0 to the interaction cuto↵ rc (Fig. 1). CG beads can thus be viewed
as soft-cored particles of diameter r0. The energy, U(r), is therefore
4
CG lipids models [?, ?, ?, ?] typically use “sti↵” interactions, may strug-
gle to produce bilayer membranes of low bending modulus (kC < 20kBT ),
and can require interactions over relatively long ranges. Furthermore, the
future expansion of molecular simulations to enco pass micron-scale mem-
brane systems will require CG lipids with as few “beads” as possible, while
maintaining physiologically-relevant behaviors such as undulation, lateral dif-
fusion, budding, and remodelling. This document will therefore outline a new
model: tripids (trigonometric lipids), a framework with which e cient CG
lipid models can be generated at various di↵erent resolutions according to
the specific current require ent.
2 Model description
2.1 Basic structure
For convenience of integration with existing tools and workflows, the CG
lipid structure is based on the 5-site model of Brannigan et al [?]. Concep-
tually, the lipid features three types of CG bead: solvent, interface, and tail.
Head beads represent the layer of solvent immediately above and around the
hydrophilic interface beads. The hydrocarbon region of a li id, which forms
the hydrophobic interior of micelles and bilayer membranes, is represented
by one or more tail beads.
2.2 Force field
The CG lipid model has nonbonded forces, F (r), of the piecewise trigono-
metric form
F (r) =
8>><>>:
A cos
⇣
r · ⇡
2r0
⌘
, if r  r0
B cos
⇣
⇡
2
+ ⇡ · r r0
rc r0
⌘
, if r0 < r < rc
0 otherwise
(1)
The basic interaction is therefore characterized by four parameters: A, r0, B,
and rc. A represents the maximum repulsion at r = 0, with repulsive force
decreasing until r = r0, followed by an attractive fo ce well of depth  B
from r0 to the interaction cuto↵ rc (Fig. 1). CG beads can thus be viewed
as soft-cored particles of diameter r0. The energy, U(r), is therefore
4
FIG. 10: Example pairwise in eraction force for the values
A = 10, B = 2, r0 = 6, and rc = 12 with visual em ha s
on the interpretation of each parameter constant. The red-
shaded region is the finite, soft-core repulsive regime and the
green-shaded region is the attractive basin. The force vanishes
smoothly as r → r−c , so no truncation/shifting is needed.
B. Packaging and equilibration of bilayer mem-
brane vesicles
Several approaches are possible when packing lipids
into a vesicle geometry. Typically, one would use an
algorithm to generate (roughtly) equidistant points on
the appropriate spheres (e.g., [48–55]). Notice, however,
that special care must be taken as there are several de-
sign choices available of varying practicality. Ideally, the
packaged vesicle should not require flipflop relaxation be-
cause this can give rise to stability issues in our experi-
ence. To illustrate this, compare the resulting vesicles
packed with constant volume per lipid (VPL) vs. con-
stant area per lipid (APL) with the spiral equidistant
algorithm (Fig. 11). The former yields a much more
stable result, especially for small vesicles.
1795 lipids vs 287 lipids 
APL: 70 vs 70 Å2 
VPL: 1533 vs 4072 Å3
1310 lipids vs 556 lipids 
APL: 96 vs 36 Å2 
VPL: 2100 vs 2100 Å3
8FIG. 11: Cross-sectional slice of two vesicles that were
packed with equal areas per lipid (left) vs. equal volumes
per lipid (right) in the outer and inner leaflets. Visual in-
spection of the two packing strategies is illustrative, albeit
somewhat misleading (e.g., there is no overlap between head
group beads in the inner leaflet of the right figure because
the closely positioned lipids are staggered in the out-of-plane
dimension).
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